Graphical Abstract Highlights d Adult sox10-derived cardiomyocytes contribute to zebrafish heart regeneration d sox10-derived cardiomyocytes have a high proliferation index d sox10-derived cardiomyocytes have a distinct gene expression profile d Genetic ablation of sox10-derived cells impairs heart regeneration
In Brief
Unlike adult mammals, zebrafish regenerate their heart after injury through proliferation of preexistent cardiomyocytes. Sande-Meló n et al. identify a subset of sox10-positive cardiomyocytes within the uninjured heart with a high capacity to contribute to the new myocardium. Ablation of these cardiomyocytes confirms that they play an essential role during heart regeneration.
INTRODUCTION
Cardiomyocyte (CM) renewal in the human heart is marginal and, after acute myocardial infarction, millions of CMs are irreversibly lost and replaced by a fibrotic scar (Prabhu and Frangogiannis, 2016) . Adult mammalian CMs have a poor capacity to proliferate, and an efficient contribution of an adult stem cell pool for myocardial replacement has not been demonstrated (Lerman et al., 2016) . By contrast, zebrafish have an extraordinary capacity for heart regeneration after injury (Gonzá lez-Rosa et al., 2017; Kikuchi, 2014) . Lineage tracing studies have revealed that preexisting CMs are the origin of de novo formed cardiac muscle (Jopling et al., 2010; Kikuchi et al., 2010) . Upon injury, CMs adjacent to the injury lose their sarcomeric organization and exhibit a more immature phenotype. Concomitant with this structural change, CMs were described to express developmental genes, suggesting a reversion of their differentiated phenotype to a more embryonic-like state (Lepilina et al., 2006) . Indeed, gata4, hand2, and tbx5a, which play key roles during heart development (Garrity et al., 2002; Grajevskaja et al., 2018; Kuo et al., 1997; Molkentin et al., 1997; Srivastava et al., 1997) , are required for heart regeneration (Grajevskaja et al., 2018; Gupta et al., 2013; Schindler et al., 2014) . Moreover, CMs contributing to heart regeneration activate gata4 and ctgfa enhancer elements upon injury (Gupta et al., 2013; Kikuchi et al., 2010; Pfefferli and Ja zwi nska, 2017) . While CMs that will contribute to heart regeneration upregulate a specific set of genes, it is unclear whether CM subsets contributing to regeneration can be distinguished by means of their expression profile in the uninjured heart.
Like mammals, zebrafish CMs derive from first and second heart field progenitors (de Pater et al., 2009; Mosimann et al., 2015; Zhou et al., 2011) . However, in the zebrafish, the neural crest represents a third progenitor population that contributes to the developing heart. Cell transplantation and fluorescent dye tracing experiments suggested that cardiac neural crest cells incorporate not only into the areas of the outflow tract, as in mammals and birds, but also into the atrium and ventricle (Li et al., 2003; Sato and Yost, 2003) . Moreover, genetic lineage tracing using sox10 as a neural crest cell marker revealed a cellular contribution of sox10 + cells to the zebrafish heart (Cavanaugh et al., 2015; Mongera et al., 2013) and suggested that sox10-derived CMs are necessary for correct heart development (Abdul-Wajid et al., 2018) . Noteworthy, it is still unclear if a sox10 + neural crest population differentiates into CMs or if alternatively, a sox10 + CM subset is relevant for heart development.
Here, we assessed the contribution of sox10-derived cells to the adult zebrafish heart using sox10:CreER T2 fate mapping during homeostasis and regeneration. We found that embryonic sox10-derived cells contributed to significant portions of the adult heart. We also identified adult sox10 + CMs that expanded to a higher degree upon injury than other CMs and significantly contributed to cardiac regeneration. Their transcriptome differed from other CMs in the heart, and their genetic ablation impaired recovery from ventricular cryoinjury. sox10:Cre line was used for these studies, it was not clear whether embryonic sox10 + cells or adult sox10 + contributed to the adult zebrafish heart. To clarify the source of sox10-derived cells contributing to the adult heart, we used the line Tg(sox10: CreER T2 ) (Mongera et al., 2013) , in which CreER is driven by the À4.9-kb sox10 promoter (Carney et al., 2006) . This line was crossed with Tg(ubb:loxP-GFP-loxP-mCherry) (Mosimann et al., 2011) , from now on named ubb:Switch ( Figure 1A) . In double-transgenic animals, 4-hydroxytamoxifen (4-OHT) administration leads to constitutive mCherry expression in cells expressing sox10:CreER T2 at the time of recombination ( Figure 1A) . Recombination in adult sox10:CreER T2 ;ubb:Switch zebrafish led to the activation of mCherry expression in a few cardiac cells in the atrium, ventricle, and valves ( Figures 1B-1G ). We observed both sox10-derived CMs (mCherry + /MHC + ) (Figures 1B 0 -1C 000 , 1D 0 -1D 000 , and 1F 0 -1F 0000 ) and non-CMs (only mCherry + ) (Figure 1B 00 ), the latter mostly contributing to the valves. Thus, the adult heart bears a very small population of CMs present with an active sox10-promoter element.
We next wanted to assess if sox10-derived cells contribute to heart regeneration. When 4-OHT treatment was performed shortly after ventricular cryoinjury ( Figure 1H ), we observed an expansion of sox10-derived cells ( Figures 1I-1O ). Immunostainings confirmed that sox10-derived cells were CMs, as they coexpressed the myocardial marker myosin heavy chain (MHC) (Figures 1J 0 -J 000 and 1M 0 -M 00 ). In order to estimate the contribution of sox10-derived CMs during the regeneration process, we measured the ratio of sox10-derived CMs (mCherry + / MHC + ) versus other CMs (MHC + ) in the entire heart ( Figure 1O ). When comparing the proportion of mCherry + ventricular CMs from cryoinjured and control hearts, we observed that the portion of mCherry + myocardium increased $100-fold at 14 days postinjury (dpi) ( Figure 1O ). We questioned whether sox10-derived cells expanded globally in the injured heart or whether there was a distinct contribution to the regenerating myocardium. To do this, we generated a distance distribution map for the sox10-derived CMs from the injury site (for injured hearts; Figure 1P ) or apical myocardium (for uninjured hearts; Figure 1Q ) to the basal myocardium. The closer to the injury area, the greater the contribution of sox10-derived CMs ( Figure 1P ; n = 6). This bias toward an apical region was not detected in uninjured hearts ( Figure 1Q ; n = 6).
The presence of adult sox10 + CMs was confirmed using the line Tg(À4.9sox10:GFP) ba2 (Carney et al., 2006;  Figure S1A ). We were able to detect few sox10:GFP + CMs in the ventricle of injured and uninjured hearts (Figures S1B-S1E 00 ; n = 4 hearts). Moreover, RNAScope mRNA detection revealed sox10 expression in the heart (Figures S1F-S1I 00 ). In uninjured hearts, we found expression both in the atrium (2 out of 3 hearts) as well as in the ventricle (1 out of 3 hearts). In injured hearts, sox10 signal was detected close to the cortical and trabecular myocardial boundaries, as well as at the borders of the injury area (n = 3 out of 3 hearts). This suggests that sox10 mRNA increases upon injury or that sox10 + cells accumulate at the site of injury. Surprisingly, we did not detect an expansion of sox10:GFP + cells after cardiac injury (Figures S1A-S1E 00 ; n = 4 hearts). The inconsistency between sox10 mRNA detection and sox10:GFP expression in the reporter line might be a Figure 1 . Contribution of sox10-Derived CMs to Heart Regeneration (A) Analysis of sox10-derived cells in the adult zebrafish heart. Two 4-OHT pulses were administered to adult sox10:CreER T2 ;ubb:loxP-GFP-loxP-mCherry zebrafish between 1 and 3 weeks before heart extraction to induce mCherry in sox10:CreER T2 -expressing cells. mCherry (red), sox10 lineage. Anti-MHC marks CMs (green) in uninjured hearts (B-G) or hearts at 14 dpi (I-N). (B-C 00 ) Cryosections of uninjured hearts fixed 19 days after the last 4-OHT pulse. Upper row, mCherry channel, lower row, merged channels. Arrowheads, mCherry + CMs; arrows, mCherry + non-CMs within the atrioventricular valve. (D-G) Whole-mount views (D) and sections (F and G) of uninjured hearts fixed 11 days after 4-OHT treatment. (D and E) Whole-mount immunostaining. Maximal projection of 352 mm, 44 z planes. (D 0 -D 000 ) Maximum projection of zoomed view of boxed area in D (7 mm, 7 z planes). (F and G) Immunostaining on cryosection of an uninjured heart. (F 0 -F 0000 ) Zoomed view of boxed area in (F). Images are stitched high resolution acquisitions (9 images stitched together). sox10-derived CMs and non-CMs are observed in the subepicardial area of the ventricle. mCherry + cells in the cortical myocardium (white arrowheads), mCherry + trabecular CMs (yellow arrowheads). (H) Analysis of sox10-derived cells in the regenerating heart. Two 4-OHT pulses were administered to adult sox10:CreER T ;ubb:loxP-GFP-loxP-mCherry 1 and 3 days after the injury to induce mCherry expression in sox10:CreER T2 -expressing cells. Hearts were extracted at 14 dpi. (I and J) Whole-mount view of injured heart at 14 dpi (594 mm, 73 z planes). Shown are the merged (I) and red (J) channel. sox10-derived CMs can be observed in the apical region of the heart. (J 0 -J 00 0 ) Zoomed view of boxed area in (J). (K and L) z stack from heart in I (252 mm, 31 z planes), showing injured area. Image shown in (K) is comprised of four stitched high-resolution acquisitions. Shown are the merged (K) and the red (L) channels. Yellow arrowheads, mCherry + ; MHC + trabecular CMs. White arrowheads, mCherry + ; MHC + cortical CMs. (M and N) Paraffin sections of injured hearts at 14 dpi. Note the distribution of sox10-derived CMs around the IA (yellow arrowheads). Shown are the merged (M) and the red channel (N). Zoomed view of boxed area in (M) is shown in (M 0 ) and (M 00 ). Note cortical (white arrowheads) and trabecular (yellow arrowheads) sox10derived CMs adjacent to the IA. (O) Percentage of the volume from mCherry + /MHC + cells relative to all MHC + cells in uninjured (n = 6) and injured hearts (n = 6) at 14 dpi. The volume of sox10derived CMs expands after injury. Data are mean ± SD; p = 0.0022 (two-tailed non-parametric t test). (P) The ventricles from whole-mount stained hearts were digitally sectioned in increments of 100 mm starting from the injury site. Shown is the percentage of the volume from mCherry + /MHC + cells relative to all MHC + cells within different heart segments. The percentage of mCherry + /MHC + cells is high near to the injury site and decreases toward more distant ventricular regions (injured hearts, n = 6). Data are mean ± SD; *p < 0.05; ***p < 0.001 (one-way ANOVA test followed by Tukey's post hoc test). (Q) The ventricle was digitally sectioned in increments of 100 mm starting from the apex. Shown is the percentage of the volume from mCherry + /MHC + cells relative to all MHC + cells within different heart segments. The percentage of mCherry + /MHC + cells is similarly distributed through ventricular regions of the uninjured ventricle (uninjured hearts n = 6). Data are mean ± SD; p > 0.05 (one-way ANOVA followed by Tukey's post hoc test). 4-OHT, 4-hydroxytamoxifen; At, atrium; CI, cryoinjury; CMs, cardiomyocytes; dpi, days post-injury; dpt, days post-treatment; IA, injured area; V, ventricle. Scale bars, 100 mm. See also Figure S1 . consequence of partial silencing of the reporter leading to an incomplete recapitulation of endogenous sox10 expression. Alternatively, it might indicate that the sox10-derived cells in regenerating hearts were descendants from a small subset of sox10 + progenitor cells within the uninjured heart that turn off sox10 expression after cellular expansion and CM differentiation.
Preexistent sox10-Derived CMs Contribute to Cardiac Regeneration To assess whether the increased number of sox10-derived CMs is a result of the expansion of a small pool of preexistent sox10 + cells, we induced recombination in adult zebrafish before cryoinjury (Figures 2 and S1J-S1T). 4-OHT treatments 2 weeks prior to cardiac injury allowed us to rule out that non-metabolized 4-OHT could be active and induce recombination after injury ( Figure 2A ). While in controls we again saw only few cells scattered throughout the ventricle, at 7 dpi, we indeed observed sox10derived CMs close to the injury area (Figures 2B-2C 0 ). More sox10-derived cells contributed to the ventricle after 7 dpi compared to uninjured hearts ( Figure 2D ). The percentage of sox10-derived CM was higher close to the injury area compared to the basal ventricle ( Figure 2E ). This preferential distribution of sox10-derived CMs toward the apical region was not found in uninjured hearts of siblings ( Figure 2E ). The proportion of sox10-derived CMs significantly expanded upon injury both in the trabecular and cortical myocardium regions ( Figure S1S ).
We also analyzed the proportion of sox10-derived cells at later stages of regeneration to assess if the expansion is transient or whether these cells contribute to the regenerated heart (Figures 2F-2J and S1T). At 14 dpi, sox10-derived CMs remained around the injured area ( Figures 2F and 2G ). Even at 210 dpi, when regeneration is complete (Gonzá lez-Rosa et al., 2011), mCherry + /MHC + CMs were still detected within the region presumably corresponding to the regenerated myocardium (Figures 2H and 2H 0 ). Similar to the observation when tracing sox10derived cells after cryoinjury, the volume of mCherry + cells increased over 100-fold after injury when compared with uninjured hearts ( Figure 2I ). Quantification showed that consistent with the results at 7dpi, the mCherry + /MHC + myocardial volume was significantly higher in injured hearts than in uninjured hearts at all regeneration stages analyzed ( Figures 2J and S1T) .
To understand the mechanisms of the accumulation of sox10derived cells at the injury area, we assessed cell proliferation ( Figure 3 ). Recombination was induced 2 weeks before cryoinjury, and bromodeoxyuridine (BrdU) was injected at 6 dpi (Figure 3A) . Immunostaining against mCherry to detect the sox10 lineage, the myocardial marker MHC, and BrdU to label proliferating cells showed the presence of mCherry + /BrdU + doublepositive cells (Figures 3B-3G 0000 ). Quantification revealed a statistically significant increase of $30% in the amount of proliferating sox10-derived CMs (n = 6) when compared to sox10-lineage negative CMs (n = 6) ( Figure 3H ). We also observed a higher degree of BrdU + /mCherry + cells compared to the rest of CMs at later stages of regeneration (Figures 3I-3K). Thus, CMs with an active sox10 promoter element in the uninjured heart divide at a higher rate than the rest of the CMs within the same anatomical region in response to injury.
Origin of sox10-Derived Cells Contributing to Regeneration Next, we wanted to determine the developmental time point at which this sox10 + CM subset with capacity to contribute to heart regeneration appears, as well as elucidate a possible neural crest cell origin. We treated sox10:CreER T2 ;ubb:Switch embryos with 4-OHT between 12 and 48 h post-fertilization, the time window of neural crest cell addition to the developing heart (Abdul-Wajid et al., 2018; Cavanaugh et al., 2015; Mongera et al., 2013) . We followed individual sox10:CreER T2 ;ubb:Switch animals in a longitudinal study ( Figure S2A ). First, we performed live imaging at 5 days post-fertilization (dpf). The sox10:CreER T2 line additionally harbors a myocardial reporter cassette, a myosin light chain 7 (myl7) promoter element driving GFP expression in CMs, which was useful to mark myocardial cells. We detected mCherry + /myl7:GFP + in the larval heart, indicating the presence of a subset of CMs derived from sox10-expressing cells (Figures S2B and S2C; n = 7). As reported for sox10:Cre genetic tracing (Abdul-Wajid et al., 2018), using the sox10:CreER T2 line, the proportion of sox10-derived cells in the trabecular myocardium was higher than in the compact myocardium, which at this stage is composed exclusively of the primordial layer (Gupta and Poss, 2012; Figure S2D ). After live imaging, larvae were grown separately to adulthood to follow the fate of mCherry + cells. In the adult, we again detected mCherry + cell clusters, showing that embryonic sox10-derived cells contribute to the adult heart (Figures S2E and S2F; n = 7) and confirming observations using a non-inducible sox10:Cre line (Abdul-Wajid et al., 2018). Embryonic sox10-derived cells contributed to 5% of the total ventricular volume of the adult heart ( Figure S2G ). Indeed, immunofluorescence staining and fluorescence activated cell (FAC) sorting confirmed that most of the mCherry + cells were also myl7:GFP + and MHC + and thus CMs (Figures S2H-S2L). We observed mCherry + cells in the ventricle and atrium in most of the animals analyzed. The mCherry signal was particularly evident in the basal and medial portion of the ventricle, presumably due to a higher cell density in these regions ( Figure S2M ; n = 19 hearts analyzed).
To determine whether the embryonic sox10-derived population expanded in response to injury, we cryoinjured ventricles from adult sox10:CreER T2 ;ubb:Switch zebrafish recombined during embryogenesis and compared the percentage of mCherry + cells in injured and uninjured hearts ( Figure 4A ). mCherry + cells were detected in a similar proportion in uninjured hearts (Figures 4B-4E; n = 12) and hearts at 14 dpi (Figures 4F-4J, n = 9; and Figure 4K , n = 5). While a tendency of higher amount of mCherry + signal was observed within the injury area, the increase did not reach significance, eventually due to the high degree of heterogeneity in injury response. Similarly, in uninjured hearts, no apicobasal region was identified with a preferred contribution of mCherry + cells ( Figure 4L ; n = 5). These results imply that in the adult heart, CMs derived from sox10 + embryonic cells do not expand in response to injury and are not preferentially contributing to myocardium regeneration.
To further fine-tune the characterization of sox10-derived cells, we performed 4-OHT recombination in juveniles. We used 9-week-old sox10:CreER T2 ;ubb:Switch as well as sox10: CreER T2cn17 crossed to vmhcl:loxP-tagBFP-loxP-mCherry-NTR (vmBRN), a line that allows to specifically trace recombined vmhcl-expressing ventricular CMs by mCherry expression (Sá nchez-Iranzo et al., 2018). After recombination, animals were raised and cryoinjured at 17 weeks of age ( Figure 5A ). We observed an increase in the sox10-derived cell area after injury ( Figures 5B-5S ). This was most evident when observing Figure 2 . Preexistent sox10-Derived CMs Expand at the Injury Area and Contribute to Cardiac Regeneration (A) Adult sox10:CreER T2 ;ubb:loxP-GFP-loxP-mCherry zebrafish were treated with 4-OHT on days 14 and 12 before cryoinjury. Hearts were fixed at 7, 14, or 210 dpi and processed for immunostaining with anti-mCherry + (red, sox10-derived cells) and anti-MHC (green, myocardium). (B) Whole mounts of uninjured hearts. Upper row, mCherry channel; lower row, myosin heavy chain (MHC) and mCherry merged channels. Arrowheads indicate sox10-derived cells.
(C and C 0 ) Cryosection of an injured heart at 7 dpi. sox10-derived CMs are detected near the injured area (IA) and subepicardial regions of the myocardium. White arrowheads indicate mCherry + CMs in the cortical myocardium, and yellow arrowheads indicate mCherry + CMs in the trabecular myocardium. (D) Quantification of the proportion of sox10-derived CMs in uninjured (n = 4) and injured hearts (n = 6) at 7 dpi. Each dot represents the value from one heart. Data are mean ± SD; p = 0.0095 (two-tailed non-parametric t test). (E) Quantification of the distribution of ventricular mCherry + CMs on uninjured and cryosectioned hearts at 7 dpi. The ventricle was digitally divided into increments of 100 mm starting from the injury site in injured hearts or apex in uninjured hearts. Shown is the percentage of the mCherry + /MHC + area relative to the whole MHC + area within different heart segments. The percentage of mCherry + /MHC + is high near the IA and decreases toward ventricular regions distant from the IA (injured hearts n = 5; uninjured hearts, n = 4). Dashed lines represent statistical differences, and red bars represent injured hearts. The percentage of mCherry + /MHC + cells is higher in every region of the injured heart ventricle (red bars) compared to uninjured heart ventricles (blue bars). Data are mean ± SD; *p < 0.05 (two-tailed non-parametric t test). whole-mount hearts ( Figures 5D and 5M ). sox10-derived CMs were predominantly observed in the subepicardial regions of the ventricle (Figures 5H-5J and 5Q-5S). Quantification of mCherry signal within the ventricle indicated a difference between uninjured and injured groups, which did not reach statistical significance ( Figure 5T ). Also, no overall expansion of mCherry + cells could be observed by quantification on the sectioned hearts ( Figure 5U ). However, we observed that within the different apicobasal regions, the proportion of mCherry + cells was clearly increased when compared to uninjured hearts (Figure 5V ). Similar to results obtained in adults, mCherry + cells accumulated close to the injury site, suggesting that the sox10 + population is already present in the juvenile heart. Importantly, control experiments, with no 4-OHT, yielded no recombination, and the hearts were completely devoid of mCherry expression, both in juveniles and adults ( Figures 5W-5Y ). Thus, with sox10:CreER T2 , we are fully controlling recombination events and can therefore faithfully trace the fate of cells with active sox10:CreER T2 expression at the time of 4-OHT addition.
Collectively, these results show that sox10:CreER T2 fate mapping enables the detection of a subset of CMs present Two pulses of 4-OHT were administered 14 and 12 days before the injury. BrdU was added at 6 dpi, and hearts were collected at 7 dpi. (B-E) Heart section immunostained with anti-BrdU (white), anti-mCherry (red, sox10 lineage), and MHC (green). Nuclei were counterstained with DAPI (blue). Shown are merged channels (B), as well as single channels for MHC (C), mCherry (D), and BrdU (E) staining. (F-G 00 00 ) Zoomed views of boxed regions in (B). Yellow arrowheads, mCherry + , BrdU + , MHC + triple-positive cells. Shown are merged channels (F and G), as well as single channels for DAPI (F 0 and G 0 ), BrdU (F 00 and G 00 ), MHC (F 000 and G 000 ) and mCherry (F 0000 and G 00 00 ). (H) Quantification of mCherry + , BrdU + , MHC + triple-positive cells versus all BrdU + , MHC + double-positive cells in the 100 mm IA border zone. Shown are values for individual hearts as well as mean ± SD. *p < 0.05 (two-tailed non-parametric t test; n = 6). (I) Assessment of proliferation at late stages of regeneration. 4-OHT was added at À12 and À14 days to sox10:CreER T2 ;ubb:loxP-GFP-loxP-mCherry zebrafish before cryonjury. BrdU was added at 6 and 29 dpi. Hearts were collected at 30 dpi. (J) Immunofluorescence staining on heart at 30 dpi. MHC, green; mCherry, red; BrdU, white; nuclei are counterstained with DAPI (blue). Shown are merged images and single channels, and the zoomed region is highlighted with dotted lines. (K) Quantification of BrdU + CMs at 30 dpi. Data are mean ± SD (p = 0.029; two-tailed non-parametric t test). At, Atrium, dpi, days post-injury; IA, injured area; MHC, myosin heavy chain; V, ventricle. Scale bars, 100 mm.
in the adult heart that expands in response to injury and contributes preferentially to myocardial regeneration in the zebrafish.
sox10-Derived CMs Reveal a Specific Gene Signature
To investigate if sox10-derived CMs differ in their gene expression profile compared to other CMs, we performed transcriptome analysis (Figures 6A and 6B) . To make the characterization specific for the myocardium, we used the sox10:CreER T2 ; vmBRN line, in which upon 4-OHT-induced recombination, sox10-derived CMs express mCherry and the rest of the ventricular CMs express blue fluorescent protein (BFP). Two pulses of 4-OHT were administered 2 weeks before injury and 3 weeks before heart dissection. mCherry + , BFP + , and doublepositive mCherry + /BFP + CMs were FAC sorted from sox10:CreER T2 cn17 ;vmBRN uninjured hearts and hearts at 7 dpi and processed for RNA sequencing (RNA-seq). For bioinformatics analysis, we compared mCherry + (comprising all samples that were mCherry + or mCherry + /BFP + ) with mCherry À (comprising samples that were only BFP + ).
In uninjured hearts, 101 genes were upregulated and 129 genes were downregulated in sox10-derived (mCherry + ) CMs compared to the rest of the ventricular CMs (mCherry À ) ( Figures  6A and 6B ; Table S1 ). Gene enrichment analysis of mCherry + and mCherry À transcriptomic profiles in uninjured hearts revealed several metabolic differences between these two groups, including changes in oxidative phosphorylation and nucleic acid metabolism (Figures 6C, 6D , and S3; Table S1 ).
Notably, when comparing mCherry + and mCherry À groups after injury, sox10-derived cells were transcriptionally more active; 415 genes were upregulated in mCherry + CMs, while only 30 genes were upregulated in mCherry À CMs ( Figure 6B ; Table S2 ). Importantly, sox10 mRNA was significantly upregulated in mCherry + CMs from injured hearts at 7 dpi, showing that the sox10:CreER T2 line allows tracing of endogenous sox10-expressing cells. The genes encoding the T-box transcription factors tbx20 and tbx5a were among the genes upregulated in sox10-derived CMs ( Figure 6B ; Table S2 ). These genes were previously shown to be expressed in CM populations involved in heart regeneration (Sá nchez-Iranzo et al., 2018) and play an active role in this process (Grajevskaja et al., 2018; Xiang et al., 2016) .
Gene enrichment analysis in injured conditions for mCherry + and mCherry À CMs showed that Gene Ontology (GO) biological processes related to negative regulation of the cell cycle were inhibited in mCherry + CMs. This suggests that mCherry + CMs have a pro-regenerative profile ( Figures 6E-6G and S3 ; Table  S2 ). Furthermore, mCherry + CMs were enriched for pathways involved in myocardial growth, including CM differentiation, cardiac cell development, and cardiac muscle contraction (Figures 6E-6G ; Table S2 ). This result is consistent with a role for sox10-derived CMs in rebuilding the lost myocardium. (J) Relative volume of embryonic sox10-derived CMs (mCherry + / MHC + ) compared to all CMs (MHC + ) in uninjured (n = 12) and injured hearts at 14 dpi (n = 9). Shown are values from individual hearts as well as mean ± SD; p = 0.0955 (two-tailed nonparametric t test). (K and L) Quantification of the distribution of mCherry + CMs in whole mount immunostained hearts. The ventricle was digitally sectioned in increments of 100 mm starting from the injury site or apex. Shown is the relative volume from mCherry + / MHC + cells versus all MHC + cells within different heart segments. The amount of mCherry + /MHC + cells does not differ between segments (one-way ANOVA). n = 5 hearts for 14 dpi (K) and n = 5 for uninjured condition (L). The atrium, ventricle, and injury area are outlined by dotted lines. 
(legend continued on next page)
We next analyzed if mCherry + cells respond equally to an injury as other CMs. For this, we compared on the one hand the changes in gene expression of mCherry + CMs in injured with uninjured hearts ( Figure S4 ) and on the other the changes in gene expression of mCherry À CMs between both conditions (Figure S5) . Upon injury, mCherry + cells upregulated 767 genes, and only 26 genes were downregulated ( Figure S4C ; Table S3 ). Thus, overall, mCherry + CMs respond to injury with an increase in gene expression. Biological processes related to cell proliferation, cell motility, and response to injury were enriched in mCherry + CMs upon cryoinjury ( Figure S4D ; Table S3 ). Ingenuity pathway analysis (IPA) further confirmed the enrichment of canonical pathways related to proliferation in mCherry + CMs of injured hearts ( Figure S4E ; Table S3 ).
When we analyzed the changes in gene expression of the rest of the CMs (mCherry À ) in response to injury, we observed fewer differentially expressed genes (DEGs) than those detected for mCherry + cells ( Figure S5 ; Table S4 ). This indicated that sox10-derived cells reactivate gene expression to a larger extent when compared to the rest of the CMs.
Altogether, these data indicate that sox10 promoter expression defines a group of myocardial cells in the adult uninjured zebrafish heart with a unique gene expression signature and pro-regenerative transcriptomic profile in response to injury. sox10 + Cells Are Necessary for Cardiac Regeneration The accumulation of sox10-derived cells in the regenerated myocardium strongly suggests that these cells contribute to the replacement of injured myocardium. To determine the function of this population during heart regeneration, we genetically ablated sox10-derived cells using the transgenic line sox10:-CreER T2 ;b-actin:loxP-mCherry-loxP-DTA (Wang et al., 2011) , which allows cell ablation upon diptheria toxin (DTA) overexpression. We administered 4-OHT to adults 3 days and 1 day before cryoinjury ( Figure S6A ). At 21 dpi, the injured area was larger in sox10 + -cell-depleted animals than in the control group ( Figures S6B-S6D ; n = 13 without 4-OHT and n = 8 with 4-OHT), suggesting that sox10-derived cells are necessary for heart regeneration. There was no significant reduction in animal survival or cardiac function in sox10-cell ablated animals (Figures S6E-S6I ; n = 6). During development, sox10-derived cells contribute to the peripheral nervous system, which plays an important role in heart regeneration (Mahmoud et al., 2015; White et al., 2015) . Thus, the impaired regeneration in animals with sox10-ablated cells might be a consequence of compromised cardiac innervation. Yet, the b-actin promoter used in the transgenic line has been reported to be strongly expressed in CMs but weak in other cardiac cells (Kikuchi et al., 2010) . Nonetheless, we assessed a possible change in innervation upon induced Diphtheria toxin A (iDTA)-based sox10 + cell ablation by anti-tyrosine hydroxylase immunostaining. This experiment yielded no evidence of a reduction in innervation in sox10 + cell ablated hearts when compared to controls ( Figures  S6J-S6N ), suggesting that the ablation of sox10-derived CMs is responsible for the phenotype.
For confirmation, we genetically ablated sox10-derived cells in ventricular CMs using sox10:CreER T2 cn17 ;vmBRN zebrafish ( Figure 7A ). With this double transgenic line, ventricular sox10 + -derived CMs can be genetically ablated upon addition of metronidazole (Mtz), which induces cell death in nitroreductase (NTR)-expressing cells (Curado et al., 2008;  Figure 7A ). We ablated mCherry + cells 1 week before cryoinjury and confirmed the efficiency of ablation by comparing the amount of mCherry + cells with Mtz-nontreated animals (Figures 7B and 7C; n = 26 treated and 20 untreated). A significant difference in the amount of sox10-derived CMs could be observed between untreated (n = 5) and treated (n = 8) adult zebrafish ( Figure 7D) , confirming the efficiency of ablation. Consistent with the results using the DTA ablation model, the survival rate of the different groups was similar ( Figure 7E ). To assess if loss of adult sox10-derived ventricular CMs affects heart regeneration after cryoinjury, we collected hearts at 30 dpi and assessed fibrotic tissue deposition ( Figures 7F-7H) . Fish in which ventricular sox10-derived CMs had been ablated revealed a persistent fibrotic scar and a larger injury area compared to the control groups sox10:CreER T cn172 ;vmBRN without Mtz administration and sox10:CreER T2 cn17 ;ubb:loxP-mCherry with Mtz ( Figures  7F-7I ). This indicates that ablation of the small pool of sox10derived ventricular CMs in the uninjured adult zebrafish heart, comprising less than 1% of total myocardial volume, affects subsequent heart regeneration upon cryoinjury.
DISCUSSION
CMs can proliferate in the adult zebrafish (Wills et al., 2008) , and this can represent a basis for the high regenerative capacity (T and U) Percentage of juvenile sox10-derived CMs area (mCherry + /MHC + ) compared to the area of all myocardial cells (MHC + ) in uninjured (n = 4) and injured hearts at 7 dpi (n = 5). (T) Analysis performed on whole-mount images as shown in (B) and (K); (U) analysis performed on sectioned hearts as shown in (E) and (N). Shown are data for individual hearts as well as mean ± SD (two-tailed non-parametric t test). (V) Quantification of sox10-derived cells in different apicobasal regions in injured and uninjured hearts. Data are mean ± SD. Statistical testing was performed using one-way ANOVA followed by Tukey's honest significant difference test. *p < 0.05 when comparing percentage between injured at 100 mm with uninjured at 200-600 mm. (W) sox10:CreER T2 ; vmBRN zebrafish as shown in (K)-(M) but without 4-OHT treatment. Note the lack of mCherry + cells in whole-mount views (upper row) and on sections (lower row) (n = 2). (X) EtOH was administered to sox10:CreER T2 ;ubb:loxP-GFP-loxP-mCherry zebrafish 10 and 7 days before injury, and hearts at 7 dpi were collected and imaged (n = 3). (Y) Maximal intensity projection of a confocal z stack through a heart from condition as described in (X). sox10-derived cells are mCherry + (red). The whole myocardium is MHC + (green). Shown are merged and single channels. mCherry + cells could not be detected. Image shown is comprised of nine stitched highresolution acquisitions. 4-OHT, 4-hydroxytamoxifen; At, atrium; CI, cryoinjury; CMs, cardiomyocytes; dpi, days post-injury; EtOH, ethanol; IA, injured area; V, ventricle. Scale bar, 50 mm. See also Figure S2 . observed in the injured heart. Although little is known about CM populations that contribute to regeneration, studies showed that they activate gata4 and ctgfa regulatory elements in response to injury (Kikuchi et al., 2010; Pfefferli and Ja zwi nska, 2017) . Recent clonal analysis studies using pan-myocardial lineage tracing have suggested that distinct CM subsets can contribute to heart regeneration in the zebrafish as well as mouse (Gupta et al., 2013; Sereti et al., 2018) . Here, we report genetic fate mapping with a specific promoter element of preexistent CMs, which are present in the adult heart and expand more than the rest of the CMs in response to injury. Our study suggests that this small sox10-derived CM population is essential for regeneration, since its genetic ablation prior to cryoinjury impairs cardiac regenera-tion. Unfortunately, it was technically not possible to perform an ablation of an equally small random CM population. Thus, we could not fully evaluate if the effect on regeneration was specific to of the effect due to ablation of the sox10-derived CM population.
Adult neural crest stem cells were proposed as the source of progenitor cells during adult pigment cell regeneration in the zebrafish (Iyengar et al., 2015) . Moreover, in rodents, neural crest stem cells were suggested to participate in repair mechanisms after myocardial infarction (Tamura et al., 2016) . A neural crest cell origin of the sox10 + population contributing to heart regeneration is plausible but should be confirmed with genetic fate mapping using additional neural crest marker Figure 6 . sox10-Derived CMs Reveal a Specific Transcriptome Signature sox10:CreER T2 ;vmhcl:loxP-tagBFP-loxP-mCherry-NTR zebrafish were treated with 4-OHT. A group of zebrafish was cryoinjured and collected at 7dpi and a control group was left uninjured. Hearts were disaggregated, sox10-derived CMs (mCherry + ) and the rest of the CMs of the heart (mCherry À ) were FAC sorted, and RNA-seq was performed on 26 samples consisting of 20 CMs each. (A and B) Recombination and collection were carried out either on uninjured hearts (A) or hearts at 7 dpi (B). (A) Volcano plots representing differentially expressed genes (DEGs) in mCherry + and mCherry À CMs from uninjured (A) or 7 dpi (B) hearts. DEGs upregulated in mCherry À CMs are shown in blue, and DEGs upregulated in mCherry + CMs in red. These genes had an adjusted p value (adjp) % 0.05 and a log2 fold change (LFC) R2. Genes with a false discovery rate (FDR) R0.05 are represented in gray. Note the high number of DEGs upregulated in mCherry + cells at 7 dpi. Some differentially expressed genes previously linked to regeneration as well as sox10 are highlighted. (C) Biological processes differentially enriched in mCherry + versus mCherry À CMs from uninjured hearts (source for analysis, DEG list). (D) Pathway analysis using gene enrichment analysis (GSEA) of genes with LFC R2 present in mCherry + and mCherry À CMs of uninjured hearts. Representative biological processes were plotted and ordered according to the normalized enrichment score. Z score represents whether a specific function is increased or decreased. Red bar, enriched in mCherry + CMs; blue bar, enriched in the rest of the CMs. (E) Biological processes differentially enriched in mCherry + versus mCherry À CMs from injured hearts (source for analysis, DEG list). (F and G) Pathway analysis (F) and hallmarks (G) using GSEA of genes with LFC R2 present in mCherry + and mCherry À CMs of injured hearts. Representative biological processes were plotted and ordered according to the normalized enrichment score. Z score represents whether a specific function is increased or decreased. Red bar, enriched in mCherry + CMs; blue bar, enriched in the rest of the CMs. 4-OHT, 4-Hydroxytamoxifen; CI, cryoinjury; dpi, days post-injury; dpt, days post-treatment; GO, Gene Ontology. See also Figures S3-S5 and Tables S1, S2, S3, and S4. genes. Alternatively, the zebrafish heart might harbor a small pool of sox10 + CMs that efficiently expand in response to cryoinjury. It will be interesting to elucidate if such an expansion also occurs in other injury setups such as ventricular resection or genetic ablation. Adult sox10 + CMs reveal a unique gene signature both in uninjured hearts and upon injury. Interestingly, sox10 transcripts were also detected in CMs in a recently published single-cell transcriptome of zebrafish embryos (Wagner et al., 2018) , further supporting our findings of a sox10 + CM population in the zebrafish heart. Moreover, here, we also report sox10 expression in sox10-derived CMs, supporting that our driver lines recapitulate expression of the endogenous gene. The biological pathways enriched in sox10-derived CMs compared to the rest of the ventricular myocardium were related to developmental processes, metabolism, and cell proliferation. This gene signature could be key for their increased contribution to the regenerated myocardium. The fact that sox10-derived cells upregulate more genes in response to injury than other ventricular CMs could suggest that they are epigenetically less repressed and therefore more sensitive to injury response and prone to contribute to heart regeneration.
An active sox10 promoter might represent a particular state of CMs. Alternatively, CMs with an active sox10 promoter might represent a distinct CM population in the zebrafish heart with high regenerative capacity. Understanding if cardiac sox10 + cells are unique to this species or shared in mammals might help us understand the basis of regenerative capacity. (D) Percentage of the volume from mCherry + CMs relative to all CMs: mCherry + ; myosin heavy chain (MHC) + versus all MHC + cells (p = 0.006; two-tailed nonparametric t test). (E) Survival rate of animals from the different groups as described in (A). No difference in mortality was observed among groups according to a Fisher's exact test (p = 1.000). (I) Quantification of IA in the three conditions shown in (F-H). IA versus total ventricular myocardial area was measured. Shown are values for individual hearts as well as mean ± SD (statistical analysis by non-parametric t test: sox10:CreER T2 ;vmBRN Mtz-treated versus sox10:CreER T2 ;vmBRN Mtz-untreated, p = 0.0078; sox10:CreER T2 ;vmBRN Mtz-treated versus sox10:CreER T2 ;ubb:Switch Mtz-treated, p = 0.0072; sox10:CreER T2 ;vmBRN Mtz-untreated versus sox10:-CreER T2 ;ubb:Switch Mtz-treated, p = 0.1020). At, atrium; CI, cryoinjury; dpi, days 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Experiments were conducted with zebrafish embryos, juveniles and adults aged 6-18 months, raised at maximal 5 fish/l and maintained under the same environmental conditions: 27.5-28 C, 650-700ms/cm, pH 7.5, the lighting conditions were 14:10 hours (light: dark) and 10% of water exchange a day. Experiments were approved by the Community of Madrid ''Direcció n General de Medio 
METHOD DETAILS

Generation of Tg(sox10:CreER T2 )cn17
In order to remove the reporter myl7:GFP from the line Tg(sox10:CreER T2 ,myl7:GFP) t007 (Mongera et al., 2013) we injected the guide RNA sgRNA eGFP1 GGCGAGGGCGATGCCACCTA targeting GFP (Auer et al., 2014) together with Cas9 protein into 1-cell stage embryos and raised offspring without GFP expression in the heart. Germline transmission was evaluated by crossing F0 into ubi:Switch and inducing recombination with 4-OHT administration. This line was used for the experiments shown in Figures  5, 6, and 7. 4-Hydroxytamoxifen administration 4-hydroxytamoxifen (4-OHT; Sigma H7904) was administered at the indicated times and treatments were performed overnight. Prior to administration, the 10 mM stock (dissolved in 99.8% ethanol) was heated for 10 minutes at 65 C (Felker et al., 2016) . For genetic labeling in Tg(sox10:CreER T2 ; ubb:Switch) embryos, 4-OHT was administered at 5-10 mM from 12 to 48 hours post-fertilization (hpf). For lineage tracing studies in adult fish, 4-OHT was administered at 10 mM overnight.
Cryoinjury and analysis of the injured area Cryoinjury was performed as previously described (Gonzá lez-Rosa and Mercader, 2012) . Adult fish were anesthetized with 0.032% tricaine (Sigma, St Louis, MO, USA) and their pericardial cavity opened with microdissection scissors to expose the heart. A copper filament cooled in liquid nitrogen was placed on the ventricular surface of the heart until thawing. After surgery, animals were revived by gently directing water to their gills using a plastic Pasteur pipette.
For analysis of regeneration, animals were euthanized at different times post-injury by immersion in 0.16% Tricaine (Sigma, St Louis, MO, USA), and hearts were dissected in media containing 2 U/ml heparin and 0.1 M KCl. For quantification of injured area on paraffin sections as shown in Figures 1F and 1G , color deconvolution tool and color threshold tool (ImageJ Software) were used to segment and measure the injured and uninjured myocardium in mm 2 .
Metronidazole administration
For genetic ablation using Metronidazole (Mtz; Sigma, M3761), Mtz was diluted in fish water at 10 mM with DMSO at 0.2% and administered overnight.
BrdU administration
Animals were injected intraperitoneally either at 6 dpi or at 7 dpi and 29 dpi with 30 ml of 2.5 mg/ml of 5-Bromo-2-deoxyuridine (BrdU, B5002-1G, Sigma). Hearts were collected and processed for analysis at 7 dpi and 30 dpi. To calculate the proliferation index, cryosections were immunostained with anti-BrdU, anti-RFP, and anti-MHC antibodies as described below. At least 3 ventricular sections were imaged for each heart. MHC + /mCherry + /BrdU + CMs compared to MHC + /mCherry -/BrdU + CMs were counted manually using ImageJ software.
Histological staining
Hearts were fixed in 2 or 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) overnight at 4 C. Samples were then washed in PBS, dehydrated through graded alcohols, washed in Xylol and embedded in paraffin wax. All histological staining were performed on 7 mm paraffin sections cut on a microtome (Leica and Reichert-Jung), mounted on Superfrost slides (Fisher Scientific), and dried overnight at 37 C. Sections were deparaffinized in xylol, rehydrated and washed in distilled water. Connective tissue was stained using Acid Fuchsine Orange G (AFOG) (Gonzá lez-Rosa et al., 2014) . ImageJ software was used to quantify cryoinjured area in uninjured and injured hearts.
Cardiac imaging by echocardiography Animals were anaesthetized by immersion for approx. 5 min in a combined solution of 60 mM Tricaine/3 mM Isoflurane dissolved in fish tank water (Gonzá lez-Rosa et al., 2014) . Individual fish were placed ventral side up on a custom-made sponge in a Petri dish filled with the anesthetic solution. Two-dimensional (2D) high-resolution real-time in vivo images were obtained with the Vevo2100 Imaging System through a RMV708 (22-83 MHz) scanhead (VisualSonics, Toronto, Canada). Imaging and image analysis were performed as described (Gonzá lez-Rosa et al., 2014) .
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using GraphPad. Shown are means and error bars represent SD in all graphs. The specific test used, exact value of n, explanation of what n represents, definition of center, dispersion and precision measures are indicated in each figure legend or citation in the main text. Normal distribution was tested to decide if a parametric or non-parametric test needed to be applied.
DATA AND CODE AVAILABILITY
RNA-seq data were deposited at Gene OmnibusDatabase: Gene Omnibus Database with reference GSE 133571. Raw data of images as well as statistical analysis has been uploaded at Mendeley Database: https://doi.org/10.17632/5h7z68ck98. (A) sox10:CreER T2 ;ubb:loxP-GFP-loxP-mCherry embryos were treated with 4-OHT from 12 to 48 hours post-fertilization. sox10-derived cells are labelled with mCherry. mCherry + cells were detected at 5 days post-fertilization (dpf) by confocal live imaging. Larvae were grown to adulthood and hearts collected to characterize the contribution of embryonic mCherry + cells to the adult heart. (B-C) sox10-derived cells within the embryonic heart. Maximal projection of a confocal z-stack through the heart at 5 dpf. Shown is a ventral view of the ventricle. Anterior is to the top. Cardiomyocytes (CMs) are shown in green, sox10-derived CMs in red. The cardiac ventricle is outlined by dotted lines. Arrows point to sox10-derived CMs clusters.
